The carcinogenic potency of many mutagens is increased in conditions of tissue regeneration. This involves fundamental changes of cellular division and differentiation, in intestinal epithelium. However, effects on epithelial capacity for carcinogen metabolism and susceptibility to genotoxic injury are unknown. Using a novel rat model, this study assessed expression of cytochrome P450 mono-oxygenases (Cyps), glutathione S-transferases (GSTs) and uridine diphosphoglucuronosyl transferase (UGT) in intestinal epithelium during sequential stages of regeneration. Enzyme induction and DNA adduct formation were also assessed after benzo[a]pyrene (BaP) exposure. Control assays were carried out in normal intestinal epithelium. Fewer phase I and II xenobiotic metabolizing enzymes were expressed in regenerating intestinal epithelium than in normal control intestinal epithelium (GSTA3, UGT in regeneration vs Cyp2B, GSTA1/2, GSTA4, GSTP1, UGT in control). Benzo[a]pyrene induced GSTA3 and UGT in regeneration vs Cyp1A, Cyp2B, GSTA1/2, GSTA3, GSTA4, GSTP1 and UGT in control normal intestinal epithelium. Benzo[a]pyrene induced low levels of GSTA3 in early regenerating intestinal epithelium but induction increased by >2-fold at late stage regeneration. Higher levels of benzo[a]pyrene 7,8-diol-9,10-epoxide (BPDE) DNA adducts were formed at early stages of regeneration, than at later stages. Intestinal epithelium displayed reduced metabolic competence and differential susceptibility to genotoxic injury from BaP, during regeneration.
Introduction
The intestinal epithelium interfaces with a potentially mutagenic environment. Benzo[a]pyrene (BaP*) is a polycyclic aromatic hydrocarbon (PAH) carcinogen which contaminates food, causes diol epoxide:DNA adduct formation in human colon and may be implicated in human colorectal carcinogenesis (1) . Many PAH induce a co-ordinated response regulated by the aryl hydrocarbon receptor (AhR), involving phase I and II xenobiotic metabolizing enzymes, namely cytochrome P450 Cyp1A1, Cyp1A2, alpha class glutathione S-transferases (GSTs), uridine diphosphoglucuronosyl transferases (UGTs), as well as others (2) . This pathway of benzo [a] pyrene metabolism generates the ultimate carcinogen, benzo[a]pyrene 7,8-diol-9,10-epoxide (BPDE) which binds to DNA, causing bulky adducts.
An expression gradient of xenobiotic metabolising enzymes exists along the axis of cytodifferentiation of normal intestinal epithelium. Cytochrome P450 and GST enzymes are abundantly expressed in terminally differentiated functional cells, but are scant in undifferentiated crypt epithelium (3) . Crypt progenitor or stem like epithelium is the primary target of carcinogenesis (4) and it appears paradoxical that it has low xenobiotic metabolic capacity. In steady state conditions, however, crypt progenitor or stem cells are distributed within a preponderance of metabolically competent functional epithelium. This topography is associated with homeostasis but may be disrupted by epithelial injury and regeneration.
Elucidation of tissue responses to exogenous mutagens in homeostatic and dynamically altered states is an important but complex research objective. Toxic injury to intestinal epithelium may initiate the regeneration response, which involves transient alteration of epithelial cytodifferentiation and function. Effects of regeneration on mutagen metabolism and genotoxic injury are unknown. However, inflammatory diseases of intestine associated with recurrent epithelial injury and regeneration have increased cancer risk (5) .
The present study investigated metabolic competence and susceptibility of rat intestinal epithelium to genotoxic injury during sequential stages of regeneration and in control normal conditions. We used a novel transplantation model of rat crypt progenitor epithelium to induce a fundamental regeneration response (6) . Xenobiotic metabolizing enzymes were assayed at sequential stages of regeneration before and after BaP exposure. DNA adduct formation was assayed by 32 P-post labelling (7).
Materials and methods

Chemicals
All chemicals were of analytical grade and readily available commercially (Sigma Chemical Co., Poole, UK).
Antibodies
Antibodies had been raised and cross-reactivity characterized by methods previously described for cytochrome P450 (8) , GSTs (9) and UGTs (10, 11) . Polyclonal antibodies raised against Cyp1A, Cyp2B, Cyp2C, Cyp3A, Cyp4A, GSTA1/2, GSTA3, GSTA4, GSTM1 and GSTP1 were used. UGT expression was assayed using RAL1 polyclonal antibody, which recognizes an epitope common to bilirubin, phenol and testosterone UGT (11) .
Animals
Inbred AO/Ola Hsd rats (Olac, Manchester, UK) were used to enable syngeneic tissue grafting to the subcutaneous plane. Animals were kept in a 12-h light/ dark cycle and allowed water ad libitum. Rats were weaned at 21 Ϯ 2 days, to rat and mouse No 1 diet (SDS Ltd, UK). Studies of xenobiotic metabolizing capacity were carried out in control normal intestinal epithelium, from animals of different ages. Males (150-400 g) were used for all post-natal studies but foetuses were not sex typed. Timed matings were performed for foetal studies and gestational age was ascertained from the appearance of a vaginal mucus plug. All animal work conformed with institutional guidelines. Fig. 1 . Xenobiotic metabolizing enzyme expression in 17-day-old foetal (F) to 27-day-old post-natal normal intestinal epithelium, in baseline conditions and after benzo[a]pyrene (ϩBaP) exposure. Numbers in bold indicate the band intensity at each age-dependent maturation time-point, expressed as a percentage of the control (C ϭ control). Cyp1A and GSTA3 were undetectable in normal intestine in baseline conditions. Note the enzyme induction by BaP exposure.
Tissue retrieval
Intestines were excised from the duodenum to ileocaecal valve, opened and washed to remove luminal debris. Liver lobes were excised, dissected into three pieces and washed in buffer [0.25 M sucrose, 5 mM Hepes, 10 mg/ml (w/v) trypsin inhibitor, pH 7.4], then snap frozen in liquid N 2 and stored at -70°C until use.
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The regeneration model The model of intestinal epithelial regeneration has been previously described (6) . Briefly, crypt progenitor epithelium was isolated as cell aggregates, then pelleted by centrifugation. Crypt cell aggregates were transplanted at 20 µl of cell pellet per graft to each of four subcutaneous tunnels per animal, beneath dorsal skin incisions. Successful grafts were identified in recipients by palpation and were retrieved sequentially at 3, 7, 14 and 21 days after transplantation for immunoblot and DNA adduct assay. Late grafts at 27 days were retrieved for immunohistochemistry only. Regeneration was confirmed histologically in grafts.
A total of 364 grafts from 91 animals were used in the studies. Of these, 212 grafts used were for assay of xenobiotic metabolizing enzyme expression and function before or after carcinogen exposure, while 152 were used for assay of DNA adducts after treatment by BaP or corn oil control. Metabolic studies in normal and regenerating rat intestinal epithelium Expression studies were carried out in control normal intestinal epithelium from animals of different ages. Intestines were retrieved from 17-day-old foetal rats and from animals at 3, 7, 14, 21 and 27 days after birth. Whole jejunum and ileum of 18-30 foetuses and eight post-natal animals were pooled for each age time-point, during each experiment. Experiments were repeated on three occasions.
Regenerating intestinal epithelium was retrieved from the subcutaneous plane of adult recipient animals for Western blot analysis, at 3, 7, 14 and 21 days after grafting. For each regeneration time-point, eight subcutaneous grafts were pooled for study in each experiment. Experiments were repeated on three occasions. Assays utilized cytosolic and microsomal fractions from pooled tissues in studies of both normal and regenerating intestinal epithelium. Western blot analysis Enzyme expression was assessed at protein level to accommodate transcriptional and post-transcriptional mechanisms, and protein stabilization. Western blot was performed using a modified SDS-PAGE and transblotting (12) method, utilizing the mini-Protean II TM system (BioRad). Tissue samples were diced, homogenized and centrifuged at 10 000 g for 15 min. Supernatant was ultracentrifuged at 100 000 g for 20 min. Protein determinations were performed on both cytosolic and microsomal fractions of the subcellular isolate. Protein content was estimated using a modification of the Bradford protein assay (13) with bovine serum globulin as a standard.
Purified proteins of all cytochrome P450 isoforms except Cyp4A and all GST isoforms except GSTA4 and GSTP1, were used as positive controls for antibody affinity. These were prepared as previously described (9, 14) . For isoforms Cyp4A and UGT, untreated rat liver microsomes were used as positive control whereas untreated liver cytosol was used as control for GSTA4 and GSTP1.
Fractions from control normal intestinal epithelium were loaded at 20 µg/ well and from regenerating intestinal epithelium at 50 µg/well. Positive control liver microsomes and cytosol were loaded at 5 µg/well and affinity purified proteins at 1 picomole/well. Following SDS-PAGE and transblotting, filters were blocked with skimmed milk protein overnight and incubated with 1:2000 primary antibodies (polyclonal rabbit anti-mouse IgG for P450 and GST); (polyclonal sheep anti-rabbit IgG for UGT), for 1 h. Secondary antibodies (1:2000) were goat anti-rabbit IgG conjugated with horseradish peroxidase (HRP) for cytochrome P450 and GST and donkey anti goat/sheep was conjugated with HRP for UGT. Secondary antibodies were applied for 1 h. Proteins were visualized by enhanced chemoluminescence (ECL; Amersham, UK) with exposure times of 5 s to 20 min. Intensity was assessed semiquantitatively by densitometry. Blots were scanned and analysed with an Aries (Relysis) scanner and Picture Publisher LE software (Micrografx). Band intensity was quantified using TINA 2.09d quantification software (Raytest). All values were calculated as the average of three separate experiments and expressed as a percentage compared with control bands in each blot. Immunohistochemical localization of P450 and GST Tissues were processed for immunohistochemistry as previously described (15) . Paraffin sections were dewaxed, blocked for endogenous peroxidase activity and incubated in normal rabbit serum. Anti-cytochrome P450 Cyp1A, Cyp2B, Cyp2C, Cyp3A, Cyp4A or anti-GSTA1/2, GSTA3, GSTA4, GSTM1 and GSTP1 primary antibodies (polyclonal rabbit anti-mouse IgG) were applied at 1:100 dilution, overnight at 4°C. Following PBS washing, the ABC method of visualization was performed, as previously described (6) . Enzyme assays Studies of cytochrome P450 and GST function only were carried out in microsomal and cytosolic fractions from intact intestine and regenerating intestinal epithelial grafts. The alkoxyresorufin O-dealkylation (AROD) assay was utilized with ethoxyresorufin as substrate for Cyp1A activity and benzyloxyresorufin for Cyp2C function. Activity was assessed by fluorimetric analysis. GST activity was assessed by assay of conversion of 1-chloro-2,4-dinitrobenzene (CDNB) by alpha, mu and pi class GST, in the presence of reduced glutathione (GSH) (16) . Functional assays for UGT were not carried out.
Exposure of normal and regenerating intestinal epithelium to benzo[a]
pyrene exposure A single i.p. injection of (i) benzo[a]pyrene (BaP:100 mg/kg; Sigma Chemical Co.) or (ii) a corn oil control (4 ml/kg; Mizola) was administered per animal. Fig. 2 . Expression of GSTA1/2 in normal intestine that is confined to functional villus epithelium. Expression of Cyp2B, GSTA3, GSTA4 and GSTP1 were similarly confined to villus epithelium (data not shown).
Preliminary studies sought the timing of maximal Cyp1A induction in adult rat liver, after i.p. BaP. The timing for retrieval of intestinal and other tissues after BaP exposure, was based on this assay. In studies of normal intestinal epithelium of different ages, pregnant female rats were treated at 15 days gestation with care to avoid direct foetal exposure, while post-natal animals were exposed at 1, 5, 12, 19 and 25 days after birth. In regeneration studies, animals bearing subcutaneous grafts of intestinal epithelium were given i.p. injections at 1, 5, 12 and 19 days after transplantation. All tissues were retrieved 48 h after BaP treatment. In regeneration studies, the subcutaneous epithelial graft was assayed for expression of multiple xenobiotic metabolizing enzymes and adduct formation, while adjacent subcutaneous stromal tissue was assayed for DNA adducts and Cyp1A only. Control normal intestine and liver of 14 day animals were assayed for adducts.
DNA isolation
Samples of normal and regenerating intestinal epithelium were snap frozen in liquid N 2 , powdered, thawed in 10 mM EDTA, homogenized and suspended in 10% SDS (0.1 vol). DNA was isolated by phenol/chloroform extraction (7). RNA contaminants were removed by adding 3 µl RNase T1 (50 U/µl; Sigma Chemical Co) and 3 µl RNase A (10 U/µl; Sigma Chemical Co.) for 30 min at 37°C.
P-Postlabelling
Postlabelling was carried out by methods described by Randerath et al. (17) . DNA was digested by spleen phosphodiesterase (Boehringer) and micrococcal nuclease (Sigma) in Na succinate and CaCl 2 , (pH 6.0) at 37°C overnight, to release deoxyribonucleoside 3Ј monophosphates. Samples were digested for 1 h with nuclease P1, then labelled by incubation with carrier-free [γ-32 P]ATP (50 µCi) and T4 polynucleotide kinase (6 units), as previously described (17) . Thin layer chromatography Resolution of 32 P-labelled adducts was performed on PEI-cellulose TLC sheets using multidirectional anion-exchange solvent system. Adduct spots on the chromatograms were visualized by autoradiography for 18 h at -85°C using screen intensifiers. A microchannel array detector, which images the 32 P activity in real time, was used in conjunction with an Autograph 2.1 twodimensional radioisotope imaging system (Oxford Positron systems, Oxford) to quantify adduct levels. Appropriate blank areas of the chromatogram were counted to obtain background levels, which were then subtracted. Statistics Descriptive statistics included the mean Ϯ SD. Quantitative differences of DNA adduct levels in intestinal epithelium at sequential stages of regeneration were assessed by analysis of variance (ANOVA).
Results
Xenobiotic metabolizing enzymes in normal intestine
Cyp2B, GSTA1/2, GSTA4, GSTP1 and UGT isoenzymes were constitutively expressed in untreated normal intestine at all ages ( Figure 1 ). BROD activity ranged from 17-22 picomol/ min per mg protein in 3-day normal intestinal epithelium, falling to 3-5 picomol/min per mg protein at 27 days. EROD activity was undetectable above background (2-3 pmols/ min per mg protein) throughout all stages of age dependent maturation. In the CDNB assay, conjugation by GST ranged from 10-20 µmol/min per mg protein between 3 to 21 days of post-natal life but increased to 70-80 µmol/min per mg protein at 27 days. Immunohistochemistry showed Cyp2B, GSTA1/2, GSTA3, GSTA4 and GSTP1 expression in villus epithelium only (Figure 2) . Xenobiotic metabolizing enzymes in regenerating intestinal epithelium A total of 364 out of 420 (86%) intestinal epithelial grafts were successful and were retrieved at sequential stages of regeneration (Figure 3a-d) . The 212 grafts used were for the assay of xenobiotic metabolizing enzyme expression and function before or after carcinogen exposure. GSTA3 and UGT were expressed in intestinal epithelium at all stages of regeneration ( Figure 4) . Cytochrome P450 activity assessed by BROD and EROD assay, was undetectable above the background (2-3 pmols/min per mg protein) throughout regeneration. GST activity assessed by the CDNB assay was detectable at low level (0.5-1.5 µmol/min per mg protein), throughout regeneration.
Immunohistochemistry demonstrated faint cytochrome P450 and GST enzyme expression in late regenerating epithelial grafts (27 days) only. No enzyme expression was shown by this method in epithelial grafts at earlier stages of regeneration (data not shown).
Induction of xenobiotic metabolizing enzymes by benzo[a]pyrene exposure
BaP induced Cyp1A in adult rat liver. Hepatic EROD activity reached maximum levels at 30 h after injection. BaP induced new expression of Cyp1A and GSTA3 and enhanced expression of Cyp2B, GSTA1/2, GSTA4, GSTP1 and UGT, in normal intestinal epithelium (Figure 1) . In regenerating intestinal epithelium, BaP enhanced expression of GSTA3 and UGT. GSTA3 induction by BaP was~2-fold greater in late regeneration (14-21 days) than at early stages ( Figure 4) . No expression of Cyp1A was found in subcutaneous stromal tissue that was adjacent to epithelial grafts, either before or after carcinogen treatment. Assessment of DNA adduct formation by 32 P-postlabelling 32 P-Postlabelling analysis of DNA that was isolated from normal and regenerating tissues from rats treated with BaP revealed the presence of DNA adducts. Higher levels of adducts were formed in intestinal epithelium during early stages of regeneration than at later stages. This observation is based upon assays from a total of 152 subcutaneous grafts, retrieved over four time-points (3, 7, 14 and 21 days) ( Figure  5a and b). Adducts were not detected in subcutaneous tissue adjacent to regenerating graft epithelium. In host tissues of 14-day-old control animals treated with benzo[a]pyrene, high levels of adducts were formed in intact small intestine and liver (143 Ϯ 39 and 108 Ϯ 86 adducts/10 8 nucleotides respectively).
Discussion
Expression, function and induction of the major classes of bioactivation and detoxification enzymes have been studied in normal and regenerating rat intestinal epithelium, before and after exposure to benzo[a]pyrene.
In agreement with previous reports, we found expression of Cyp2B (18) but absence of Cyp1A (19, 20) in untreated normal control rat intestine, across age-dependent maturation. GST activity was identified (21, 20) and alpha (GSTA1/2, GSTA4) and pi class (GSTP1) enzymes were expressed. GSTA1/2 expression and GST activity increased at 27 days, possibly in relation to weaning. Other xenobiotic metabolizing enzymes showed little variation in normal intestinal epithelium of different ages. Immunohistochemical studies showed a crypt/ villus expression gradient of cytochrome P450 and GST, as reported previously (3) . Although glucuronidation of PAH quinols represents an important mechanism for prevention of toxic quinol/quinone redox cycles (22) , the role of UGT in PAH induced tumorigenesis is unclear. UGT subtypes were not characterized and functional studies were not carried out. Benzo[a]pyrene induced new Cyp1A, GSTA3 and increased expression of Cyp2B, GSTA1/2, GSTA4, GSTP1 and UGT in normal intestinal epithelium, with some quantitative variation in tissue of different ages. The induction profile of Cyp1A, alpha class GSTs and UGT by benzo[a]pyrene suggests involvement of an AhR regulated response. Cyp 2B, which is responsible for benzo[a]pyrene metabolism to relatively nontoxic species (23), was also induced by BaP exposure.
Epithelial regeneration represents a threshold response to disruption of homeostatic cell interactions by chemical, inflammatory or physical injury and promotes carcinogenesis in different organs (24, 25) . Increased cell division during regeneration may promote progression of pro-mutagenic lesions to fixed mutations (26) . While increased cell proliferation occurs during liver regeneration, it has been considered to be only a minor contributory factor to the associated increase in susceptibility to chemically induced tumour formation (27) . Many mechanisms relevant to genotoxic injury and carcinogenesis associated with regeneration, remain obscure.
Regeneration of intestinal epithelium is dependent upon a small group of proliferative undifferentiated multipotent stem cells. At early stages of regeneration, the equilibrium of asymmetric stem cell division favours self renewal rather than production of functional progeny, and produces an increase of the undifferentiated stem cell pool. At later stages, the equilibrium changes and stem cell progeny mature to diverse functional lineages (15) . Effects of these sequential cytodifferentiation changes on epithelial metabolic function were investigated in the present study, using a crypt progenitor epithelial transplant model (6) . Enzyme expression, activity, induction and quantitative DNA adduct levels were assayed at sequential stages of regeneration.
In comparison with normal intestinal epithelium, regenerating epithelium appeared metabolically deficient, expressed only GSTA3 and UGT, and had low bioactivation and detoxification activity. It is noteworthy that UGT function is also preserved during liver regeneration (28) . These detoxification enzymes were expressed at low level in regenerating epithelium and it was necessary to load greater amounts of cytosolic and microsomal fractions to enable detection by Western blot, than was necessary with normal control intestinal epithelium (50 µg/ well regeneration vs 20 µg/well control). Immunohistochemical studies failed to demonstrate enzyme expression in early regenerating intestinal epithelial grafts, probably because enzyme expression was below the detection threshold for this method. Even late regenerated epithelium with intact crypt/ villus architecture at 27 days after grafting appeared to lack cytochrome P450 and GST enzymes. Immunohistochemical studies showed weaker expression than in normal intestinal epithelium. This finding suggests a lag interval between completion of morphological regeneration and broad recovery of metabolic competence. Metabolic responses to benzo[a]pyrene in regenerating epithelium involved only the alpha class GSTA3 and UGT. Alpha class GST enzymes exert a role in benzo[a]pyrene metabolism (29) . In mouse tissues, a novel alpha class GST has been found to be highly efficient in conjugation of anti-BPDE with glutathione, although GSTA3 is less efficient (30) . In this study, GSTA3 induction by benzo[a]pyrene was Ͼ2-fold greater in late regeneration than at early stages.
Regenerating intestinal epithelium lacked Cyp1A expression or activity and thus appeared unsuited for conversion of BaP to mutagenic species. However, 32 P-postlabelling analysis of this epithelium revealed the adduct pattern typical of that formed by reaction of benzo[a]pyrene 7,8-diol-9,10-epoxide (BPDE) with DNA (31). Activation of BaP intermediates to reactive metabolites could have occurred within the regenerating intestinal epithelium via other enzyme pathways such as prostaglandin-h-synthase (32), which were not assessed in this study. Alternatively, metabolic steps in extraintestinal tissues could influence genotoxic injury in regenerating epithelial grafts. In this study, the liver showed high expression and activity of Cyp1A and high levels of adduct formation after BaP administration. Systemic dispersal of benzo[a]pyrene metabolites via the bloodstream following hepatic bioactivation is well documented and provides a clear means of exposure of metabolically deficient tissues to the circulating ultimate carcinogen, BPDE (33) . Formation of adducts from circulating serum BPDE is affected by factors of vascular supply and detoxification capacity of the target tissue (33) . In this study, the higher adduct levels were observed in normal intestinal epithelium than in regenerating epithelium. This could be related to the former's intact physiological blood supply and greater bioactivation capacity.
Within the regeneration model, intestinal epithelium formed higher levels of BPDE:DNA adducts during early regeneration than at later stages, after systemic administration of BaP. While substantive differences of vascular supply appeared unlikely in the graft environment, a difference in detoxification capacity was observed. Early regenerating epithelium had a weak GSTA3 response to benzo[a]pyrene exposure but increased by Ͼ2-fold in late regeneration. Conceivably, this difference in detoxification response to benzo[a]pyrene throughout regeneration could be causally linked to the different levels of DNA adducts formed after BaP exposure. Other factors such as inducible DNA repair mechanisms (34), which were not assessed in this study, could also be relevant.
Carcinogenesis involves multistage development of 2176 mutations within cells that have the potential for developing into a cancer. Intestinal epithelial cells that become functionally committed have a short life-span of only several days. This interval appears insufficient to sustain the lengthy series of mutations required for tumour formation (26) . Conversely, crypt stem cells are long lived and are considered to be the primary target of carcinogenesis (4) . During early regeneration, increased stem-cell self renewal ensures considerable expansion of the stem-cell fraction (35) . In later stages, stem-cell asymmetric division progressively returns towards that of normal homeostasis; stem-cell self renewal declines, the stem fraction becomes diminished and progeny predominantly enter a cytodifferentiation program. Tissue remodelling ultimately restores original crypt/villus morphology. Genotoxic injury sustained in early regeneration is thus more likely to initiate critical stem-cell mutations than similar levels of injury sustained during late regeneration or in normal intestinal epithelium. This study has shown that early regenerating epithelium, which accommodates an expanded stem-cell pool, has greater susceptibility to genotoxic injury than late regenerating epithelium. In the potentially mutagenic environment of the intestinal lumen, early regeneration may thus provide a window of susceptibility for stem-cell genotoxic injury and initiation of carcinogenesis.
